The paper highlights some remarkable results obtained by applying the radiotracer diffusion (RTD) technique to the study of ionic transport in salt-in-polymer electrolytes. The technique is based on the determination of a radiotracer depth profile by serial sectioning following isothermal diffusion annealing. Unlike alternative methods, RTD is able to measure the self-cation and self-anion diffusivity even for systems dilute in salt. Another unique feature is the capability to investigate foreign-ion diffusion at extremely low concentration levels. Combined with DC conductivity data, RTD may provide a virtually complete picture of mass and charge transport in solid-like polymer electrolytes (SPEs). The paper describes the special SPE-related procedures used in the RTD experiments and their analysis. The advantages of the method will be demonstrated with selected examples of self-and foreign-ion diffusion in prototype SPE systems. We also present prominent examples of RTD dealing with the effects of salt precipitation and oxide nano-particles used as dispersed filler material.
Introduction
Polymer electrolytes are obtained by dissolving an inorganic salt in a polymer matrix. Suitable combinations of a polymer substance with high molecular weight and a lithium salt may produce solid-like electrolyte materials with useful properties for battery applications. In ideal cases, such solid polymer electrolytes (SPEs) combine an appreciable ionic conductivity with a high mechanical flexibility but avoid the disadvantages of liquid-like ionic systems. In prototype solvent-free systems solely based on cation-coordinating polyethers, however, the conductivity is too low for practical uses [1] [2] [3] .
Over the past, many studies have been conducted in order to gain more insight into the mechanisms of ionic transport in SPEs. In most of these studies, impedance spectroscopy has been the primary experimental technique to determine the DC conductivity, which characterizes the overall charge transfer capacity due to the combined effect of cations and anions [2, 4] . However, different and more detailed information is acquired by measuring the individual diffusivity of either ionic species. In particular, the combination of charge and mass transport data may shed light on the role of ion association and allow for the determination of key parameters controlling the formation of neutral ion pairs.
Since the 1990s pulsed-field-gradient nuclear magnetic resonance (PFG-NMR) has evolved to be the method of choice for determining diffusion coefficients in solid polymer (and liquid) electrolytes [5, 6] . By contrast, the radiotracer diffusion (RTD) technique has been practically abandoned for this kind of studies after pioneering work done in the 1980s [7, 8] . However, recent reports from our group have (re-)demonstrated the usefulness of RTD for accurate diffusion experiments in SPE materials [9] [10] [11] . It is the aim of this paper to review some salient results based on RTD that were obtained over the years [2006] [2007] [2008] [2009] The outline of the paper is as follows: Sect. 2 describes the general characteristics of the RTD technique and the experimental procedures for its application to SPE materials. Section 3 deals with the mathematical analysis of measured radiotracer depth profiles. Section 4 presents an ion transport model which enables us to simultaneously evaluate RTD of individual ionic species and the overall DC conductivity. Section 5 demonstrates the suitability of RTD to determine the self-ion diffusivities in systems with an extremely low salt concentration while Sect. 6 exemplifies the unique possibility of RTD to measure foreign-ion diffusion. Section 7 shows that RTD is capable of determining ionic diffusivities in polymer electrolytes subject to salt precipitation. Finally, Sect. 8 gives examples how RTD can be used to explore the effects of nanoparticle additives to SPE systems.
The radiotracer technique for ionic diffusion studies in polymer electrolytes
The use of RTD for SPEs requires suitable radioactive isotopes of relevant ionic species. A major criterion is the half-life time (τ 1/2 ) which should preferably be longer than several days. For the alkali metal cations, the situation is favourable owing to the principal availability of 22 Na (τ 1/2 = 2.6 a), 42 K (12 h), 86 Rb (19 d) , and 137 Cs (30.2 a) [12] . In addition, the nobel metal 110m Ag (τ 1/2 = 250 d) and the divalent isotopes 65 Zn (244 d) and 109 Cd (453 d) may be useful for ionic systems while 64 Cu (13 h ) forms a borderline case de- manding enhanced experimental skills. Unfortunately, there exists no suitable radiotracer for the technologically important cation lithium. For the anions, the choice is practically restricted to the isotope 125 I (τ 1/2 = 60 d). Other anions frequently employed in studies on polymer electrolytes, such as the triflate (CF 3 SO 3 − ) and TFSI (N(CF 3 SO 2 ) 2 − ) ion, are complex in nature. In principle, these anions can be labelled by replacing the natural sulphur constituent by radioactive 35 S (τ 1/2 = 88 d). However, isotope substitution is expensive and, if achievable at all, would involve radiochemistry with its inherent stringent safety requirements. In an early study, the 14 C-marked thiocyanate (SCN − ) anion was used [7, 13] .
A schematic representation of the RTD technique is given by Fig. 1 . The experiments require macroscopic samples in cylindrical geometry that are obtained by hot pressing of the SPE material under investigation. In our case we used PFTE moulds with an inner diameter of 6 mm and an inner height of 8 mm. Since the method is destructive, every diffusion-profile measurement needs a separate sample, which is then lost for further experiments. Therefore, it is advantageous to synthesize the SPE mother substance in batches that are large enough to allow for measuring the full temperature dependence of both ionic species over the temperature range of interest. For this purpose, typically 10 to 20 samples are needed. In addition, the same production batch should provide specimens for conductivity measurements. SPE batches of sufficient size, i.e., containing typically 10 g of weight-in material (polymer plus salt), can be produced by dissolution of the components in a suitable organic liquid and subsequent vacuum evaporation [14] .
The diffusion source is cut from a thin film (ca. 40 μm thick) with the same composition as the sample, but doped with a tiny amount of a solution containing the radiotracer. We frequently used 22 Na and 125 I in the form of aqueous 22 NaCl and Na 125 I solutions, respectively. The source film was dried before use to remove residual water and organic solvent. The specific activity of the radiotracer (in units of Bq/g) is so high that the necessary total activity for a successful experiment does not significantly change the composition of the • C in an oil-bath thermostat and stopped by quenching in water. The short heating-up and cooling-down periods show features of PEO melting and (partial) crystallization, respectively. Time t c and temperature T c mark the onset of salt precipitation occurring in some polymer electrolytes such as, e.g., PEO 30 RbI. source film. In this way, the diffusion experiment is performed under virtual iso-concentration conditions. This characteristic feature of the RTD technique avoids the complicating effects of chemical diffusion which imply thermodynamic factors that deviate from unity [15, 16] . Moreover, the closely similar compositions of sample and diffusion source reduce unwanted effects such as, e.g., built-up of a space-charge layer or tracer hold-up at the sample surface. Adding both cation and anion tracers to the same source film allows for the simultaneous measurement of two diffusion profiles, which reduces experimental error and saves time.
After pressing one or more pieces of radioactive source film onto the flattened upper face of the sample and subsequent capping of the PFTE mould, the assembly is enclosed in an aluminium container and isothermally annealed in a pre-heated oil bath [14] . The effective diffusion time may be estimated from separate calibration runs with a dummy sample of similar SPE material to correct for heating-up delay and non-ideal quenching (in water) at the end of the diffusion treatment. Figure 2 shows a typical temperature-time profile that is representative of an oil-bath diffusion anneal at 130
• C for nominally one hour [17] . Here, the temperature was recorded by a thermocouple inserted in a (non-radioactive) PEO 30 NaI sample encapsulated in the standard fashion. The heating ramp reveals an endothermic event near 65
• C that reflects the melting of PEO. A corresponding exothermic feature is seen on the cooling ramp at a somewhat lower temperature. The nominal diffusion time t nom runs from the immersion of the sample in the pre-heated oil (130
• C) at t = 0 till its quenching in water (ca. 20
• C), indicated in Fig. 2 by the sharp T -decrease at the end Fig. 3 . Radiotracer depth profiles of 22 Na and 125 I in PEO 500 NaI resulting from simultaneous diffusion at 120
• C for 70 min. The solid lines are least-squares fits based on Eq. (4), which represents a mixed Gaussian/erfc profile shape arising from exhaustion of the diffusion source in the course of annealing.
of the isothermal plateau. To obtain the effective diffusion time t diff for the calculation of the diffusion coefficient t diff = t nom − 2 min was taken as a suitable estimate.
Radiotracer depth profiling is achieved by serial sectioning at sufficiently low temperatures using a rotary microtome and the subsequent detection of the activity of each section. In our experiments, a standard section thickness of 20 μm and cutting temperatures near −50
• C proved to be effective. Thicker sections can be mimicked by putting together two or more standard sections. Depending on the radiotracer employed, activity counting can be done by γ -or β-detectors of conventional type, taking into account corrections for background radiation. Two typical diffusion profiles resulting from simultaneous diffusion of 22 Na and 125 I in PEO 500 NaI are shown in Fig. 3 . The profiles are composed of 70 to 100 sections, making up a total penetration depth of 2 to 3 mm. The wide activity range extending over 3 to 4 orders of magnitude and the absence of significant scatter lead to a distinct profile shape that is reproduced by the appropriate mathematical solutions of the diffusion equation (solid lines; see Sect. 3).
Comparing RTD with PFG-NMR, the special features of either technique render them either more or less suitable for application to a particular SPE diffusion problem. Both methods rely on suitable probe atoms whose signals can be detected with a sufficiently high sensitivity. For PFG-NMR, the stable natural isotopes 7 Li and 19 F have been frequently used in the field of polymer ionics [18, 19] . In the case of RTD, 22 Na and 125 I are useful radiotracers to investigate the diffusion behaviour of the corresponding ionic species. However, it proves to be difficult to find ionic systems that can be examined sufficiently well by both methods. For example, long-lived radioisotopes of lithium or fluorine do not exist, whereas suitable radiotracers such as 32 P are not commercially available as markers integrated in complex anions such as 32 PF 6 − . On the other hand, 23 Na is detectable by NMR, but experiments suffer from very short spin relaxation times. This unfortunate constellation virtually precludes the possibility to directly crosscheck the results of RTD and PFG-NMR against each other. However, the benefits of both methods may be exploited in studies that use PFG-NMR and RTD on the same complex to investigate self-ion and foreign-ion diffusion, respectively [20] (see Sect. 6).
RTD like PFG-NMR allows for the ion-specific measurement of diffusion coefficients, which may involve a concentration-weighted average over single ions, pairs, and higher-order aggregates in different electric charge states. By contrast, the DC conductivity comprises the combined effect of all positively and negatively charged species of any size. It will be shown in Sects. 4 to 8 how the simultaneous evaluation of mass and charge transport data may give rise to a fairly complete picture of long-range ion motion in polymer electrolytes.
Analysis of radiotracer depth profiles
Deducing the diffusion coefficient D from a measured RTD profile involves its comparison with appropriate solutions of Fick's second law [16, 21] . Ideal profile shapes are described by the Gaussian function for instantaneous source conditions, i.e.,
or the complementary error function for a constant diffusion source, i.e.,
where x denotes penetration depth, t is diffusion time, and c is concentration (in arbitrary units of specific activity). The pre-factor c 0 is the volume concentration at the sample surface (x = 0), which is constant in the erfc case but time dependent in the Gaussian case (c 0 = M 0 / √ πDt; M 0 is the amount of radiotracer substance per unit area). Equation (2) describes the situation, in which M 0 is not becoming significantly exhausted during the diffusion process. Then M(t) = 2c 0 √ Dt/π M 0 holds, where M(t) is the amount of diffused substance at the end of the annealing time t and given by the integration of Eq. (2) over x. However, for a high diffusivity, prolonged annealing, and/or a weak diffusion source, all the tracer atoms may become involved in the diffusion process, which then leads to a gradual changeover from an erfc profile to a Gaussian profile. In our experiments both types of profile were observed, as exemplified by the tracer distributions plotted in Fig. 4 . However, in view of the indicated relationship between the Gaussian and the erfc function, it may not surprise that often profiles of intermediate shape were measured. Such profiles are mathematically described by [21] c(
which includes the sum of two error functions and where h and c 0 stand for the width and the tracer concentration of the source layer, respectively. Identifying zero penetration depth with x = h and shifting the depth scale accordingly leads to
The x-translation corresponds to omitting the first one or two sections that contain the radiotracer source film of strength M 0 = c 0 h. We note that the profiles in Fig. 3 were fitted by Eq. In rare cases, the measured profile was better fitted by the ierfc function, which mathematically applies to the boundary condition c 0 = k √ t [21] . This behaviour can be rationalized by assuming that the transition of radiotracer ions from the source layer to the sample may be retarded. Such retardation could arise from less perfect intermolecular contacts at the source-layer/sample interface.
The observed profile shapes demonstrate that the diffusion coefficient is a constant at fixed temperatures and thus independent of depth (and tracer concentration). In turn, this provides evidence for the homogeneity of our samples and for the absence of chemical diffusion. The statistical error in D arising from least-squares fitting is usually less than a few percent, which adds to other sources of error, such as, e.g., the measurement of diffusion time and temperature, sample deformation due to thermal stress upon quenching, and the uncertainty in the location of zero penetration depth (x = 0).
A model to combine diffusion data with ionic conductivity measurements
The self-diffusion and conductivity data can be simultaneously evaluated within a phenomenological transport model that offers a general framework for describing the interrelationship of mass and charge transfer in ionic systems [9, 20, 22] . The treatment will be restricted to self-ion transport in fully amorphous, solvent-free SPE systems, although the model has a wider applicability [23] . A basic assumption of the model is that long-range ion transport essentially takes place via charged single ions and neutral cation-anion pairs. As a consequence, ionic triplets and higher-order clusters are supposed to play a minor role, which relates to the relatively low salt concentration in the systems under consideration [24] . Below, the general features of the model will be outlined in detail, which involves the introduction of the pertinent model parameters. The practical use of this general framework for the fitting of experimental data requires additional simplifying assumptions to reduce the number of free parameters. Since these assumptions are not unequivocal, this eventually leads to a distinction between two different submodels, one of which (Model #1) has been employed in previous work by our group [9, 22] . The other submodel (Model #2), footing on the results of recent molecular dynamic (MD) calculations [25] , is preferred in our newer publications [20, 26] . For convenience, a list of symbols designating the physical quantities and parameters used in the models is presented in Table 1 . DC conductivity data (σ DC ) may be converted into charge diffusivities D σ by using the Nernst-Einstein equation
where k B denotes the Boltzmann constant, T is temperature, C s is salt concentration (i.e., number density), and e is elementary charge. Having C s in the denominator of Eq. (5) (instead of 2C s being the number density of all ionic species together), D σ stands for the net charge diffusivity per salt molecule, Charge diffusivity deduced from DC conductivity Pair related transport number of anion A (= PF 6 , I) that is, D σ comprises the joint effect of one cation and one anion. However, this does not imply that the salt is fully dissociated in the polymer matrix. Information about the degree of cation-anion pair formation will be obtained below from the comparison of D σ with the self-ion diffusion coefficients.
In polymer-salt complexes, transport of the constituant ions may be described along the lines recently proposed by Stolwijk and Obeidi [9, 22] . The basic features of their model are based on the assumption that long-range selfion transport can be essentially described by the occurrence of three distinct species, viz., charged single cations (M + ), charged single anions (A − ), and neutral cation-anion pairs (MA 0 ). The (fast) dynamic formation and decay of ion pairs may be expressed by the reaction
in which the characteristic association/dissociation times (i.e., reciprocal rate constants) are conceived to be short with respect to the times relevant to the measurement of the pertaining transport data (diffusion time, inverse AC frequency). The (reduced) reaction constant k p adopts the conventional form
with the pair formation enthalpy ΔH p and the (reduced) pre-exponential factor k p0 = exp(ΔS p /k B ) containing the pair formation entropy ΔS p . According to the law of mass action, the pair fraction r p ≡ C p /C s results as
Hence r p is a T -dependent quantity which tends to coincide with k p for k p 1, whereas it comes close to unity for k p 1. In the latter case, the single-ion fraction 1 − r p converges to 1/ k p .
It can be shown that the T -dependent tracer and charge diffusivities are described by the following set of coupled equations [9, 22] :
which expresses our common-sense notion that cations and anions can be transferred both in their individual ionic state and as neutral pairs. The different contributions are weighted by the pair fraction and its complement, i.e., the single-ion fraction. In addition, charge transport is carried both by positively and negatively charged ions. Each ionic species X = M + , A − , or p = MA 0 is characterised by its own 'true' diffusivity D X , which generally obeys a uniform temperature dependence given by
In this Vogel-Tammann-Fulcher-like expression, the zero-mobility temperature T 0 is a common parameter to all mobile species, characterizing the mechanical flexibility (viscosity) of the overall system. By contrast, the pre-
) and the pseudo activation energies (B X = B M + , B A − , B p ) determine the magnitude of the diffusivity for each species individually. However, not all B X and/or D X parameters are expected to be independent, since ionic transport in SPEs is coupled with the segmental motion of the polymer chains [27] [28] [29] . This circumstance shall be used below to reduce the number of free parameters in data fitting.
Recent MD simulations of ion transport in the PEO-LiI system have shown that the diffusivities of the cation and the corresponding cation-anion pair are closely similar, whereas the anion diffusivity appeared to be partly decoupled from the polymer-segment dynamics [25] . In the present formulation, this translates to D This specific variant of the general model will be preferentially used in the following sections for the evaluation of the experimental data. For historical reasons it will be referred to as Model #2 [20] .
Earlier work by our group was based on the alternative constraints D 
Self-ion diffusion in a salt-poor PEO-NaI electrolyte
The high sensitivity of the radiotracer technique makes it feasible to monitor the ionic self-diffusivity in SPEs with low salt concentrations. This outstanding property of RTD was exploited in an extensive study of the prototype system PEO n NaI consisting of poly(ethylene oxide) solvating sodium iodide. In particular, we investigated the concentration dependence of ion transport by varying the monomer-to-salt ratio n from 20 to 1000. For each composition, the diffusivity of 22 Na and 125 I was compared with the charge diffusivity deduced from conductivity data obtained by impedance spectroscopy. The complete results of this study will be published in a separate report. Here we only present the data and their analysis for the composition PEO 500 NaI. The salt concentration in this complex corresponds to C s ≈ 3 × 10 19 cm −3 , which is too low to be analyzed by PFG-NMR, even when NaI is replaced by, e.g., lithium triflate (LiCF 3 SO 3 ) containing the suitable (natural) NMR isotopes 7 Li and 19 F. With the RTD technique, however, it is no problem to measure diffusion profiles in the low-concentration range, as demonstrated for PEO 500 NaI by Fig. 3 . Figure 5 displays the tracer diffusivity of Na and I in PEO 500 NaI as a function of reciprocal temperature, together with the charge diffusivity D σ deduced from the DC conductivity. It is seen that at all temperatures D σ falls distinctly below D * I , so that D σ D * Na + D * I certainly holds. This finding may be interpreted in terms of NaI 0 pair formation, since neutral ion pairs may contribute to mass transport but not to mass transport. Accordingly, the experimental data were analysed within the general ion-transport model outlined in Sect. 4. In fact, the solid lines in Fig. 5 represent the best fit resulting from simultaneous adjustment of D * Na , D * I , and D σ within the special model variant termed Model #2. Thus, this model is able to reproduce the data within experimental error by finding a set of best estimates for the seven free parameters, which are compiled in Table 2 . From these parameter values, we can deduce several important quantities as a function of temperature characterizing the ionic transport behaviour in PEO 500 NaI. Figure 6 shows that the pair fraction r p given by Eqs. (7) and (8) is close to unity over the whole T -range investigated. This implies that most ions are bound in NaI 0 pairs, which may be also recognized from the low fraction of free cations or anions (1 − r p ) additionally depicted in Fig. 6 . It is remarkable that 1 −r p decreases and hence r p increases with increasing temperature, which seems to be a general property of solvent-free SPE systems [30] . Analysing the present result in more detail, it may be concluded that the high r p values are due to the large positive value of ΔS p which overcompensates the large positive value of ΔH p (cf. Eq. (7)). Thus, although pair formation is less favourable for enthalpy reasons, it appears to be driven by entropy, in agreement with views expressed earlier [30, 31] . Specifically, the polymer chains acquire more conformational freedom when the strong coordination of the ether oxygen atoms to the cations is released by ion association. We further note that the slope of 1 −r p in Fig. 5 virtually equals ΔH p /2, since for r p ≈ 1 the fraction of free ions converges to 1/ k p .
Another relevant quantity plotted in Fig. 6 is the cation transference number t + , which is defined as [32] 
It is seen that t + only weakly varies with temperature, adopting values near 0.007. Such a small transference number is far from favourable with respect to battery applications, as it reflects the low mobility of the cations. A direct comparison of D Na + and D I − = D p is presented in Fig. 7 . It should be mentioned that the diffusivity of the most mobile species, I − , is on the order of 10 −4 cm 2 s −1 at high T . Such values are typical for small molecules in liquidlike systems.
The impact of ion pairing may be also expressed by the partial transport numbers t Na p and t I p , which are displayed in Fig. 8 . According to its definition, i.e.,
t Na p denotes the relative contribution of NaI 0 pairs to the total diffusivity of cations given by D * Na . Figure 8 shows that t Na p is close to unity, whereas 1 − t Na p varies from more than 0.0007 at high T to about 0.03 at low T . Thus, only a mi-nor fraction of sodium transport takes place via single Na + ions. For iodine the situation is less extreme, since t I p lies between 0.9 at high T and 0.2 at low T . Hence, at lower temperature iodine transport is mainly carried by I − . Comparing the results among PEO n NaI complexes with different EO/Na ratios n, it was found that the tendency to ion pairing increases with decreasing salt concentration. Also this counterintuitive effect, like the unusual temperature behaviour, may be explained by the strong role of polymer entropy in the solvation of the salt, i.e., in the formation of coordinative bonds with the cations. This will be reported in detail in a future publication.
Foreign-ion diffusion in a polyether -LiPF 6 electrolyte
RTD is a classical method to study impurity diffusion in metals, semiconductors, and other materials. Generally, the use of radiotracers allows us to perform foreign-atom diffusion experiments at very low concentration levels, so that the properties of the host material remain virtually unchanged by the diffusion treatment. To our knowledge, the first report about foreign-ion diffusion in a polymer electrolyte was the study by our group on Rb diffusion in PEO 30 NaI [33] . It was found that Rb impurity diffusion proceeds faster than Na self-diffusion but distinctly slower than I self-diffusion. The selfand foreign-ion diffusivity data were simultaneously evaluated along with the charge diffusivity by using our original transport model (Model #1). Within this model variant, the results could be rationalized by an enhanced tendency of the Rb + ions, compared to Na + ions, to associate with I − . Since Model #1 generally predicts relatively low fractions of pairs with mobilities much higher than those of the corresponding single-cation species, the larger fraction of the RbI 0 pairs with respect to that of NaI 0 pairs gives rise to enhanced total transport of Rb. However, analysing the same data within Model #2 may lead to a different interpretation of Rb impurity diffusion in PEO 30 NaI.
Recently we conducted an extensive study of foreign-ion and self-ion diffusion in the cross-linked polyether-based electrolyte PolyG 30 LiPF 6 [20] . The polyether host is essentially made of random poly(ethylene oxide/propylene oxide) copolymer of 3600 g/mol molecular weight with an EO/PO ratio of 4 : 1, which after cross-linking forms an elastomeric polyurethane. This SPE system constitutes a stable amorphous complex at ambient temperatures, which is a great advantage for potential battery applications compared to exclusively PEO-based systems exhibiting the melt transition at elevated temperatures (near 65
• C). An earlier RTD study of a related system by our group dealt with self-ion transport in PolyG 20 NaI [10] . Self-diffusion in PolyG 30 LiPF 6 was measured by PFG-NMR using the 7 Li signal for the cation and the 19 F signal for the anion. In addition, foreign-ion diffusion was monitored with the radioisotopes 22 Na and 125 I. All data including the charge diffusivity are shown in Fig. 9 . It is seen that the cations are slower than the anions at the same temperature and that the foreign ions are slower than the self-ions of similar type. However, the latter difference tends to vanish for the anions at high T . The charge diffusivity takes an intermediate position between the diffusivities of the self-anion and the self-cation. Nevertheless, all data can be simultaneously fitted (solid and dashed lines) when allowance is made for pair formation between cations and anions of various kinds. To this aim, the ion-transport model in Sect. 4 was extended to include the diffusion of ionic impurities and the possible pairing of these impurities with the self-ions of opposite type [20] . Specifically, LiPF 6 0 , NaPF 6 0 , and LiI 0 pairs were involved in the analysis, whereas NaI 0 pairs do not occur at all (or only in negligible concentrations). Figure 9 shows the good agreement between the fits based on Model #2 (extended to include foreign ions) and the experimental data.
The adjusted model parameters yield the pair fractions for the self-ions (r p ≈ 1) and the foreign anions (r I p ≈ 1), as displayed by Fig. 10 . However, there is no information available on r Na p within Model #2 because NaPF 6 0 pairs and Na + ions have the same 'true' diffusivity or mobility according to the model-specific assumptions, so that their contributions to D * Na cannot be distinguished from each other [20] . It is also seen in Fig. 10 that the corresponding single-ion fractions 1 − r p and 1 − r I p assume values close to 0.01. The weak "reverse" T -dependence revealed by these quantities relates to the low positive values of the pertaining pair formation enthalpies obtained by fitting. Figure 10 also exhibits the cation transference number t + < 0.01, which relates to the dissimilar mobilities of the self-ions (Li + , PF 6 − ). This means that, in terms of Li-ion transfer, the performance of the PolyG 30 LiPF 6 electrolyte is predicted to be rather poor. Fig. 9 . The cation transference number t + is also displayed. Another important question is: how high are the relative contributions of neutral pairs to the self-ion and foreign-ion self-diffusion coefficients? Answers can be obtained by plotting the T -dependence of the various pair-related partial transport numbers, as done in Fig. 11 . It may be recognized that with 1 − t Li p ≈ 0.01, the pair contribution to Li transport, t Li p , becomes indistinguishable from unity over the whole T -range. This implies that Li transport in Fig. 12 . The high mobility of PF 6 − and I − may be due to the (partial) decoupling of anion transport from the motion of the polymer segments. By contrast, the low mobility of the Li-and Na-related species reflects the strong coordinative bonds between the cations and the ether oxygens in the polymer chain.
In conclusion, the simultaneous evaluation of self-ion and foreign-ion diffusion data may yield valuable insight into the ion-transport properties of polymer electrolytes. To this aim, PFG-NMR with RTD offers a powerful combination of experimental methods, as demonstrated by our results on PolyG 30 LiPF 6 .
Salt-precipitation in complexes of PEO and alkali metal iodides
Several SPE systems are subject to salt precipitation (SP) when the temperature exceeds a critical value T c . This phenomenon can be understood from the role of polymer entropy in the solvation of the salt, similar to the increase of ion pair formation with increasing T, as discussed above. For a particular polymer matrix, the critical temperature T c , marking the onset of precipitation, crucially depends on the pertinent cation and anion species of the salt to be dissolved. For unfavourable combinations of polymer and salt, no complexes are formed, which usually implies that T c falls below room temperature. Recent work by our group showed that for PEO 30 MI electrolytes with a fixed concentration of alkali metal iodides MI (EO/MI = 30), T c decreases with increasing size of the cation M (= Li, Na, K, Rb, Cs) [17] . More specifically, a linear decrease of T c with decreasing lattice energy was found. Furthermore, for particular SPE systems, i.e., PPO-KSCN [34] and PEO-RbI [17] , it was observed that T c monotonically decreased with increasing salt concentration. Classical methods to detect and characterize precipitation phenomena in materials are thermal analysis, X-ray diffraction, and microscopic methods. In case of ionic systems, precipitation of the salt can be sensitively monitored by conductivity measurements, using, e.g., impedance spectroscopy. An example is presented by Fig. 13 , which exhibits D σ data for the PEO 30 RbI complex (open circles). It is seen that upon heating the charge diffusivity starts to break down at T c ≈ 120
• C and continues to fall with increasing T . This decrease of D σ can be naturally explained with the removal of free ions from the electrolyte due to salt precipitation, as was independently indicated by an corresponding endothermic event in differential scanning calorimetry. Unambiguous evidence for the precipitation of the RbI salt was obtained from NMR magic angle spinning (MAS) analysis using the signals of 87 Rb and 127 I, since only for T > T c the characteristic spectrum of pristine RbI appeared and became stronger with increasing T [17] .
Additional information about ionic mobility in SPE systems that are subject to salt precipitation can be obtained by RTD experiments. Measuring diffusion of the radiotracers 86 Rb and 125 I in PEO 30 RbI for temperatures in the SP-free range T < T c yields common profiles of Gaussian or erfc type, as expected [17] . The diffusion coefficients D resulting from fits with Eqs. (1) or (2) are plotted in Fig. 13 as solid triangles. However, RTD also provides diffusion data for T > T c , where PFG-NMR would fail because of the low free-ion concentrations prevailing in this SP-active range. Examples for both radioisotopes are shown in Fig. 14 . It is striking that the depth profiles reveal a distinct two-step shape that can be well fitted by the sum of two complementary error 
represented by the solid lines. In this equation, the two diffusion coefficients (D 1 , D 2 ) and the two concentrations (c 1 , c 2 ) characterize the near-surface part (step 1) and the great-depth tail (step 2) of the profiles, respectively.
In quantitative evaluation of the tracer diffusion coefficients by leastsquares fitting it was found that the D 2 data resulting from Eq. (16) for T > T c were compatible with the unique D values from Eqs. (1) and (2) for T < T c . This is apparent in Fig. 13 for both 86 Rb and 125 I from the fact that the open (D 2 ) and solid (D) triangles coincide with the smoothly curved solid lines, which represent the ion-transport model with the parameter values compiled in Table 2 . By contrast, the D 1 values obtained from fits of Eq. (16) for T > T c (data not shown) were found to be much lower than the corresponding D 2 values and did not exhibit a systematic T -dependence. The data constellation of Fig. 13 , which also displays D σ values (open circles), strongly indicates that D 2 and D may be characteristic of the normal ionic diffusivity commonly observed for polymer electrolytes of similar type but without precipitation (cf. PEO 500 NaI). However, an explanation has to be found for the occurrence of the two-step profiles for T > T c .
Examining the evolution of the profiles with diffusion time, a clear difference between step 1 and step 2 was observed, both for 86 Rb and 125 I [17] . Whereas the deep-penetration step 2 appeared to obey the common √ D 2 t diffusion law, the near-surface step 1 did not reveal a significant time dependence. Instead, the transition from step 1 to step 2 remained located at essentially the same depth.
The occurrence of profile step 1 can be understood from the precipitation phenomenon, as may be elucidated with the aid of the temperature-time profile in Fig. 2 . Upon immersing the capsule in the pre-heated oil at time t = 0, the sample temperature starts to rise. Hardly any significant diffusion takes place until t = t m when the PEO melting temperature T m at about 65
• C is reached. However, after crossing this melt transition, which is indicated by a kink in the heating curve, all ions obtain a noticeable mobility (cf . Fig. 13 ). This situation persists until the sample temperature attains the RbI precipitation temperature (T c ≈ 120
• C in the example of Fig. 2 ) at t = t c . Upon further heating, precipitation sets in, which withdraws an equal amount of cations and anions from the diffusion process. When the diffusion temperature is reached shortly after t c , only a constant (small) fraction of either ionic species remains mobile until the end of diffusion annealing (t = 60 min in the example of Fig. 2 ), which is given by the onset of quenching in water.
Under the conditions of an RTD experiment, the second term on the righthand side of Eq. (16) is likely to reflect the penetration of (the minority of) cations or anions that remain in solution during diffusion annealing. More specifically, D 2 characterizes the ionic diffusivity at the diffusion temperature and c 2 /c 1 + c 2 1 represents the fraction of non-precipitated ions. The first term on the right-hand side of Eq. (16) essentially arises from the diffusion of all cations or anions during the initial annealing period, that is, from t = 0 till t = t c . Thus, c 1 + c 2 stands for the total tracer concentration at the boundary x = 0, which is indicative of C s , and c 1 /c 1 + c 2 designates the precipitated ionic fraction at T > T c . However, the penetration depth of profile step 1, character-ized by 2 √ D 1 t in Eq. (16) , cannot be attributed to a single constant diffusivity D 1 operating during the entire annealing time t. Rather, this penetration must be only due to the initial annealing period 0 − t c , over which temperature and diffusivity are monotonically increasing with time. In fact, 2 √ D 1 t should be replaced by 2 D 1 t c in Eq. (16), where D 1 denotes the mean diffusivity over the time interval 0 − t c . This interpretation is supported by quantitative estimates based on the measured diffusivities for T < T c (cf. solid triangles in Fig. 13 ) [17] .
The reason for the appearance of two-step diffusion profiles relates to the fact that the salt precipitation in SPEs is an endothermic process and thus takes place at T > T c . This leads to a physical picture that may be effectively characterized by D 1 < D 2 and c 1 c 2 . Usually, precipitation processes in material systems are exothermic and occur at low temperatures. Consequently, during the heating-up period of diffusion annealing, the number of mobile tracer atoms tends to be lower than at the diffusion temperature T > T c . In the present formalism, this would mean that D 1 < D 2 combines with c 1 c 2 . In this common scenario, however, profile step 1 will be overwhelmed by step 2 and thus will not be visible in the measurement. By contrast, the unique combination of D 1 < D 2 and c 1 c 2 occurring, e.g., in PEO 30 RbI, makes it feasible to extract additional information from the diffusion experiment. In particular, the fraction of non-precipitated (mobile) ions c 2 /c 1 + c 2 may be inferred from the radiotracer profiles. Moreover, RTD enables us to determine the ionic diffusivity in the T -range subject to precipitation, where PFG-NMR suffers from the low concentration of mobile ions.
Effects of oxide nanoparticles in PEO 60 NaI
Since more than two decades, it has been recognized that the ionic conductivity in SPEs may be enhanced by the addition of nano-sized oxide particles, such as SiO 2 , Al 2 O 3 , and TiO 2 [35, 36] . Particularly strong effects were observed near room temperature when large weight fractions (10 wt. % and more) of so-called oxide fillers were added to solvent-free PEO-based systems with a relatively high salt concentration (indicated by mole ratios EO/salt typically greater than 10). However, at T < 65
• C PEO-salt complexes exhibit a semi-crystalline microstructure, which comprises salt-poor PEO crystallites, precipitate particles of a highly salt-concentrated crystalline phase (e.g., PEO 3 NaI), and amorphous regions in between. The detailed microstructure in general and the degree of crystallinity in particular depend on the type of salt, its concentration C s , and the thermal history of the complex. On the other hand, the ionic conductivity in this T -range below the melting point of pure PEO is relatively low.
A major factor in the observed conductivity enhancement turned out to be the lower degree of crystallinity caused by the dispersed oxide nano-particles. This can be rationalized by the notion that ion migration proceeds much faster in amorphous than in crystalline regions. It has been also speculated that the special interactions between the cations and the surface of the oxide particles may play a crucial role, so that for large weight fractions of filler material a percolative network of highly conductive pathways may be established. Indeed, such interactions between Li ions and the oxygen atoms of nano-particle surfaces have been detected by sophisticated NMR techniques [37, 38] . Nevertheless, the conductivity enhancements in the fully amorphous phase field of the salt-in-polymer complexes were found to be rather small. This motivated us to carry out RTD experiments on PEO-NaI electrolytes with nano-particle dispersions to explore the filler effect on the diffusivity of the individual ion species. Figure 15 shows σ DC as a function of 1/T for PEO 60 NaI with different amounts of TiO 2 (5 wt. %, 4 nm) and Al 2 O 3 (10 wt. %, 10 nm) compared to the same complex without filler [39] . It is seen that the changes in σ DC are small, also in view of our general experience that the sample-to-sample differences or -even more relevantly -the batch-to-batch differences of home-synthesized PEO-salt complexes may amount to 20%. It should be further realized that the additives may affect the overall ion density and induce local blocking of ion motion in the bulk of the electrolyte. This may explain that the oxide fillers even give rise to a slight decrease of the conductivity, which amounts to about 14% and 27% for TiO 2 and Al 2 O 3 , respectively. Altogether, the present results seem to confirm previous data by several groups that also showed a small influence of nano-sized particles on σ DC in completely amorphous SPEs [37, 40] . However, σ DC comprises the joint contributions of cations and anions. Therefore, a weak net effect on σ DC may, in principle, arise from two opposite relatively strong changes in the ion-specific mobilities, for instance, an increase of the Na + mobility and a decrease of the I − -one. This issue can be well explored with the RTD technique. Figure 16 compiles the tracer diffusion coefficients (D * Na , D * I ) and charge diffusivity (D σ ) of PEO 60 NaI with 5 wt. % of TiO 2 nano-particles with an average diameter of 4 nm (solid symbols). For comparison, the corresponding data for pristine PEO 60 NaI are displayed as well in Fig. 16 (open symbols and solid lines). Obviously, the changes in D * Na and D * I are even smaller than those in D σ , with an maximum diffusivity increase of 15% for the cation and a similar maximum decrease for the anion. In converting σ DC to D σ based on the Nernst-Einstein equation (5), we used the mean salt concentration C s (number density) deduced from the measured mass density of the complex and the weight-in fractions of polymer, salt, and oxide particles. Therefore, comparisons of D σ may be more meaningful than those on the σ DC scale, as the former include a correction for the altered ion density. It may be concluded from Fig. 16 that the charge diffusivity has decreased by up to 20% due to the admixture of TiO 2 . It should be further noted that the abovementioned geometrical blocking effects will influence D * Na , D * I , and D σ in a closely similar way. Thus particle-induced changes of different sign and magnitude in these experimentally determined diffusion coefficients are meaningful in principle.
Attempts to consistently interpret the present results within the iontransport model were less successful. Although it turned out to be easy to obtain good reproductions of the experimental data by simultaneous fitting of D * Na , D * I , and D σ for either system separately, as demonstrated for pristine PEO 60 NaI by the solid lines in Fig. 16 (see Table 2 for parameter values), the comparison between the systems did not show a consistent picture. This probably relates to the smallness of the nano-particle effects and the strong impact of NaI 0 pair formation on the transport properties. Preliminary analysis indicated a reduction of the pair formation enthalpy ΔH p upon the addition of nano-particles. However, more experiments with larger weight fractions of TiO 2 are necessary to arrive at a reliable interpretation. In conclusion, it can be safely stated that the influence of oxide-particle dispersions on long-range ion motion in fully amorphous SPE systems tends to be weak. This is not only true for charge transfer but also holds for the diffusion of cations and anions individually, as revealed by RTD.
Conclusions
We have shown that radiotracer diffusion experiments can be successfully employed in studies of ionic transport in solid-like polymer electrolytes. The RTD technique profits from its high reliability, sensitivity, and accuracy, which is not only well proven in connection with metals, semiconductors, or oxide glasses, but has been demonstrated now to hold for SPE systems as well. Several examples and effects dealing with long-range ionic motion in prototype salt-in-polymer complexes have revealed the outstanding features of RTD, which include the unique capability of measuring diffusion coefficients at extreme low concentrations of self-and foreign ions. For monitoring ion diffusivities, RTD supplements PFG-NMR rather than being an alternative, since both methods utilize their own suitable probe isotopes, which exhibit very little or no overlap. Combining RTD with electrical conductivity measurements may provide a virtually complete picture of ionic mass and charge transfer. To simultaneously evaluate such data, we have presented a comprehensive theoretical framework involving cation-anion pairs as the dominant form of ion association in SPE systems. In particular, data fitting within this model yields quantitative information about the following physical properties:
The ion-pair fraction as a function of temperature, The enthalpy and entropy of pair formation, The contribution of pairs and single ions to the total diffusivity of each ionic species, The true diffusivity (or mobility) of single ions and pairs, The cation transference number as a function of temperature.
Data of this kind provide a deeper insight into ion-transport processes in SPEs, which, in turn, may contribute to the development of improved electrolytes for batteries, chemical sensors, or dye-sensitized solar cells in the near future.
